Abstract: Macrophages are characterized by a marked phenotypic heterogeneity depending on their microenvironmental stimulation. Beside classical activation (M1), it has been shown that macrophages could follow a different activation pathway after stimulation with interleukin (IL)-4 or IL-13 (M2). Recently, it has been postulated that those "alternatively activated" macrophages may be critical in the control of fibrogenesis. In an experimental model of silicosis, where pulmonary macrophages play a central role, we addressed the question of whether lung fibrosis development would be associated with alternative macrophage activation. As available markers for alternative macrophage activation, type-1 arginase (Arg-1), Fizz1, Ym1/2, and mannose receptor expression were evaluated at the mRNA and/or protein levels at different stages of the disease. Nitric oxide synthase-2 (NOS-2) expression was also examined to investigate the classical counterpart. We found that the expression of Arg-1, Fizz1, and NOS-2 in adherent bronchoalveolar lavage cells was highly upregulated 3 days after silica administration but returned to control levels during the fibrotic stage of the disease (60 days). By comparing the early response to silica in C57BL/6 and BALB/c mice, we observed that the amplitude of Arg-1 mRNA upregulation was not associated with the severity of lung fibrosis. Using a model of manganese dioxide particles (resolutive alveolitis), we showed that this early Arg-1 mRNA was not specific to a fibrogenic lung response. Our data indicate that the modifications of M1/M2 marker expression are limited to the early inflammatory stage of silicosis and that the establishment of a fibrotic process is not necessarily associated with M2 polarization. J. Leukoc. Biol. 76: 926 -932; 2004.
INTRODUCTION
Macrophages are characterized by a marked phenotypic heterogeneity depending on their microenvironmental stimulation. Classical activation by microbial agents and/or T helper cell type 1 (Th1) cytokines, interferon-␥ (IFN-␥), in particular, is associated with the production of large amounts of nitric oxide (NO) and proinflammatory cytokines involved in cytotoxicity, microbial killing, and regulation of cell proliferation (M1 or type-1 polarization) [1, 2] . More recently, it was shown that macrophages could also follow a different activation pathway after stimulation with the Th2 cytokines interleukin (IL)-4 or IL-13 (M2 or type-2 polarization) [3, 4] . The induction of arginase in these "alternatively activated" cells leads to polyamine and proline biosynthesis, and a possible role in the control of cell growth, collagen deposition, and tissue repair has been suggested [5] .
Recent studies have shown that in murine Th2 granuloma, the development of fibrosis was associated with arginase upregulation [6] . The same authors demonstrated that shifting to a type-1 macrophage activation by administration of IL-12 resulted in NO synthase-2 (NOS-2) overexpression and reduction of fibrosis intensity [7] . From these observations, we addressed the question of whether this association between type-2 macrophage polarization and fibrosis development also holds in other experimental models. We focused our interest on a murine model of silica-induced lung fibrosis, as the alveolar macrophage acts as a key cell in the pathogenesis of this chronic disease. Following silica exposure, these cells are indeed able to produce mediators involved not only in initiation and extension of inflammation but also in mesenchymal cells transformation and fibrosis [8 -10] . At different stages of the disease, we evaluated the expression of Arginase-1 (Arg-1) and Fizz1, Ym1/2, and mannose receptor (MR) as markers of alternative macrophage activation [11, 12] . NOS-2 expression was examined to investigate the classical counterpart.
MATERIALS AND METHODS

Animals
C57BL/6 and BALB/c female mice were obtained from the local breeding facility (Brussels, Belgium). NMRI female mice were purchased from Charles River Laboratories (Brussels, Belgium). Mice were used at 8 -10 weeks of age. The animals were housed in positive pressure air-conditioned units (25°C, 50% relative humidity) on a 12-h light/dark cycle.
Instillation method
A suspension of crystalline silica particles (DQ12, d50ϭ2.2 m, a gift from Dr. Armbruster, Institut fü r Bewetterung, Klimatisierung und Staubbekämpfung, Essen, Germany), tungsten carbide (WC, d50ϭ1 m), or manganese dioxide (MnO 2 , d50ϭ3.7 m) in sterile 0.9% saline was injected into the lungs via the trachea by trans-oral instillation (2.5 mg; 60 l/mouse). To allow sterilization and inactivation of any trace of endotoxin, particles were heated at 200°C for 2 h immediately before suspension and administration. Mice were anesthetized with a mix of Ketalar (N.V. Warner-Lambert, Zavemtem, Belgium) and Rompun [Bayer, Leverkusen, Germany; 1 and 0.2 mg intraperitoneally (i.p.)/mouse, respectively].
Lung homogenates
At selected time-points after instillation, the animals were killed with sodium pentobarbital (20 mg/animal i.p.). Whole lungs were perfused with 5 ml sterile 0.9% NaCl and excised. The left lobe was placed in Trizol (Invitrogen, Gaithersburg, MD) for subsequent RNA extraction, and the right lobes were transferred into 3 ml cold phosphate-buffered saline (PBS) for hydroxyproline measurements. The content of each tube was then homogenized for 30 s using an Ultra-Turax T25 homogenizer (Janke and Kunkel, Brussels, Belgium) and stored frozen at -80°C.
Bronchoalveolar lavage (BAL) cells and macrophage enrichment
The animals were killed with sodium pentobarbital (20 mg/animal i.p.), and BAL was performed by cannulating the trachea and lavaging the lungs with 4 vol 1 ml sterile NaCl 0.9%. BAL cells from saline-or silica-treated mice were pooled and centrifuged (400 g, 10 min, 4°C). For macrophage enrichment, cell pellets were resuspended in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with fetal bovine serum 10%, penicillin 50 U/ml, streptomycin 50 g/ml, and L-glutamine (2 mM). Cells were plated in 24-or 96-well culture plates at, respectively, 10 6 (mRNA quantification) or 2 ϫ 10 5 macrophages/ well (arginase activity). Following 2 h adherence at 37°C in an atmosphere of 5% CO 2 , the supernatants were removed, and adherent cells were washed twice with 1 ml PBS. Macrophage enrichment was evaluated by microscopic examination of the culture wells after Diff-Quick staining, indicating a macrophage purity higher than 95% (Dave NV/SA, Brussels, Belgium).
Hydroxyproline assay
Collagen deposition was estimated by measuring the hydroxyproline content of the lung. The lung homogenates were hydrolyzed in 6 N HCl 24 h at 110°C. Hydroxyproline was assessed by high-pressure liquid chromatography analysis [13] , and data are expressed as g of hydroxyproline per lung.
RNA extraction and mRNA quantification
Total lung RNA extraction was performed with Trizol, according to the manufacturer's instructions. RNA from total or adherent BAL cells was extracted with RNeasy mini-kits (Qiagen, Hilden, Germany). Residual DNA contamination was removed by treatment of the samples with DNA-free kit (Ambion, Austin, TX). RNA (100 ng-1 g) was reverse-transcribed using Superscript RNase H -reverse transcriptase (Invitrogen) with 350 pM random hexamers (Eurogentec, Seraing, Belgium) in a final volume of 25 l. Resulting cDNA was then diluted 50ϫ in sterile, distilled water and used as a template in subsequent real-time polymerase chain reactions (PCR). Sequences of interest were amplified using the following forward primers (Invitrogen): AGAGG-GAAATCGTGCGTGAC (␤-actin), CAAGACAGGGCTCCTTTCAG (Arg-1), CAGCTGGGCTGTACAAACCTT (NOS-2), TCCCAGTGAATACTGATGAGA (Fizz1), GGGCATACCTTTATCCTGAG (Ym1/2), and CATGAGGCTTCTC-CTGCTTCTG (MR); and reverse primers: CAATAGTGATGACCTGGCCGT (␤-actin), GTAGTCAGTCCCTGGCTTATGG (Arg-1), CATTGGAAGTG-AAGCGTTTCG (NOS-2), CCACTCTGGATCTCCCAAGA (Fizz1), CCACT-GAAGTCATCCATGTC (Ym1/2), and TTGCCGTCTGAACTGAGATGG (MR). A relative quantification of mRNA expression was performed on an ABI 7000 (Applied Biosystems, Foster City, CA) in the following conditions: 2 min 50°C, 10 min 95°C (15 s 95°C, 1 min 60°C) ϫ 40. Six serial 1:10 dilutions of a positive control sample of cDNA were used as standards in each reaction. Standards and samples (5 l) were amplified with 300 nM primers using SYBR green PCR master mix (Applied Biosystems) in a total volume of 25 l. Preliminary settings confirmed that the technique allowed to detect the upregulation of the evaluated, alternative activation markers after stimulation of murine macrophages with 10 ng/ml IL-4 (R&D Systems, Minneapolis, MN; data not shown).
Determination of arginase activity
Arginase activity was measured in adherent BAL cell lysates as described by Munder et al. [14] . Briefly, 2 ϫ 10 5 adherent cells were lyzed with 100 l Triton X-100 (0.1%). After 30 min shaking, arginase was activated by adding 100 l Tris-HCl (25 mM) and 35 l MnCl 2 (10 mM, 10 min, 56°C). L-Arginine hydrolysis was conducted by incubating the cell lysate with 100 l L-arginine (0.5 M, pH 9.7) at 37°C for 1 h. The reaction was stopped with 800 l H 2 SO 4 (96%)/H 3 PO 4 (85%)/H 2 O (1:3:7). The produced urea was quantified at 540 nm after addition of 40 l ␣-isonitrosopropiophenone (dissolved in 100% ethanol), followed by heating at 100°C for 20 min. One unit of enzyme is defined as the amount that catalyzes the formation of 1 mol urea/min. The up-regulation of arginase activity after stimulation of murine macrophages with 10 ng/ml IL-4 (R&D Systems) could be detected by the technique in preliminary experiments (data not shown).
Immunocytochemistry
BAL cells from saline-or silica-treated mice were cytocentrifuged on glass slides using a Cytospin 3 (1500 rpm, 5 min, Shandon, Pittsburgh, PA). Cells were fixed in acetone for 2 min. Slides were then washed in 10 mM PBS (pH 7.4). Endogenous peroxidase activity was blocked by incubating the sections in 0.3% hydrogen peroxide for 30 min. After washing and blocking with normal rabbit serum for 10 min, slides were incubated for 1 h at room temperature with anti-human Arg-1 rabbit polyclonal immunoglobulin G antibody (Ab; 1 g/ml; Santa Cruz Biotechnology, Santa Cruz, CA) or PBS and then visualized by peroxidase-conjugated avidin and diaminobenzidine with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA), following the manufacturer's instructions. Nuclei were counterstained with Mayer's hemalun (Merck, Darmstadt, Germany).
Statistics
Treatment-related differences were evaluated using t-tests or one-way ANOVA followed by pair-wise comparisons using the Student-Newman-Keuls test, as appropriate. Statistical significance was considered at P Ͻ 0.05.
RESULTS
Arg-1 mRNA is early, but not persistently, overexpressed in the lung and BAL cells of silica-treated mice C57BL/6 mice received an intratracheal instillation with saline or 2.5 mg crystalline silica. At different time-points after treatment, hydroxyproline content was measured in the lung homogenates to monitor fibrosis development. As shown in Figure 1 , the increase in hydroxyproline content indicated the progressive establishment of lung fibrosis in silica-treated animals with a clear effect 2 months after instillation.
Arg-1 and NOS-2 mRNA expression was evaluated as markers of alternative (M2) and classical macrophage activation (M1), respectively, at different stages of the disease. Arg-1 mRNA was up-regulated in total lung 3 days after silica administration as compared with saline-treated mice. This early lung response to silica was accompanied by a marked up-regulation of NOS-2 mRNA. The expression of both markers returned to control values at the fibrotic stage of the disease (60 days; Fig. 2, A and B) .
To focus further on the leukocyte population, we performed the same measurements on mRNA isolated from BAL cells (Fig. 2, C and D) . Quantification of Arg-1 and NOS-2 transcript levels at different time-points after instillation revealed similar patterns as in lung homogenates.
To assess whether these modifications in total BAL mRNA were related to modifications in macrophages, BAL cells were enriched for macrophages by in vitro adherence. The mRNA expression of Arg-1 and NOS-2 once again followed the same time-course as observed for total lung and BAL cells (Fig. 2, 
Early Arg-1 mRNA induction is associated with up-regulation of the protein in pulmonary macrophages
To determine whether early Arg-1 mRNA induction was associated with an up-regulation of the protein, arginase activity was quantified in lysates of adherent BAL cells from C57BL/6 mice (Fig. 3) . Three days after instillation, cells from silicatreated animals exhibited increased arginase activity compared with the control situation. However, as previously observed at the mRNA level, no significant induction of arginase activity was noted at the later stages of the disease.
To identify the cellular type overexpressing Arg-1 at the early stage of silicosis, we performed an immunocytochemical analysis of BAL cells from saline-or silica-treated mice. As shown in Figure 4 , Arg-1 immunoreactivity was nearly undetectable in control BAL cells (Fig. 4B) . Three days after silica administration, a strong immunostaining was observed in BAL cells (Fig. 4D) . Although neutrophils were negative for Arg-1, positive cells were morphologically identified as macrophages.
Fizz1 and Arg-1 transcripts share similar expression patterns in pulmonary macrophages from silica-treated mice
Beside Arg-1, other markers are available for the identification of alternative macrophage activation. In particular, Fizz1, Ym1/2, and MR were shown to be strongly up-regulated in alternatively activated macrophages [3, 15, 16] . The expression of these markers was measured in adherent BAL cells of C57BL/6 mice treated with silica. As shown in Figure 5 , the expression of Fizz1 was highly up-regulated 3 days after silica instillation but returned to control values at the later stages of the disease. Although the expression of Ym1/2 and MR could be detected in alveolar macrophages from saline-treated animals, no up-regulation was observed after silica treatment at any time-point of the disease (3d, 30d, and 60d; data not shown).
The amplitude of Arg-1 up-regulation is not proportional to the severity of the fibrotic response
It was recently reported in the literature that macrophages from different strains of mice can respond differently when confronted with the same stimuli [17] . To investigate whether strain differences could influence macrophage activation status during the development of silica-induced lung fibrosis, we compared Arg-1 mRNA expression in C57BL/6 (Th1-like strain) and BALB/c (Th2-like strain) mice at different times after instillation of silica particles. In comparison with C57BL/6 mice, BALB/c mice were characterized by a lower Fig. 3 . Arginase activity is early but not persistently increased in adherent BAL cells after silica administration. At days 3, 30, and 60 after instillation, arginase activity of adherent BAL cell lysates was determined in saline-or silica-treated C57BL/6 mice. Bars represent means Ϯ SEM (nϭ3). **, P Ͻ 0.01 represents the level of significant differences in mean values measured in silica-treated mice compared with their corresponding saline-treated control, as analyzed by the Student-Newman-Keuls multiple comparison test. susceptibility to silica, as indicated by lower early inflammatory response (evaluated by measurement of lactate dehydrogenase and total protein levels in BAL fluid; data not shown) and significantly lower hydroxyproline lung content 2 months after instillation (Fig. 6A) .
Quantification of mRNA indicated for C57BL/6 (4.6-fold) and BALB/c (4.3-fold) mice a nearly identical up-regulation of Arg-1 3 days after silica administration, which did not persist at the fibrotic stage of the disease (Fig. 6B) .
Arg-1 mRNA early up-regulation is not specific to a fibrogenic response
To address the question of whether early up-regulation of Arg-1 mRNA is related to inflammation and/or to the later development of the lung fibrotic process, we evaluated Arg-1 mRNA expression in a comparative mouse model described previously [18] . Intratracheal instillation of silica or MnO 2 particles was used in NMRI mice to induce, respectively, a fibrosing (FA) or a resolving alveolitis (RA). Tungsten carbide particles served as innocuous control particles [noninflammatory response (NI)]. As observed in C57BL/6 mice, Arg-1 mRNA expression in total lung of silica-treated NMRI animals was significantly up-regulated 3 days after treatment and returned to control values at later stages (Fig. 7) . Although administration of MnO 2 did not lead to the development of lung fibrosis, Arg-1 mRNA was highly up-regulated 3 days after instillation. Consistent with the intense, inflammatory reaction induced by the administration of MnO 2 particles, a strong up-regulation of NOS-2 mRNA was also observed (data not shown). These observations indicated that early Arg-1 mRNA overexpression was not specific to silica and thus, not necessarily associated with a later fibrotic response.
DISCUSSION
This study examined the phenotype of pulmonary macrophages during the development of silica-induced lung fibrosis. The main finding in this report is that the fibrotic response is not related to alternative (M2) or classical (M1) macrophage activation during the development of silicosis.
Although the exact contribution of granulocytes and lymphocytes in the development of silicosis is still highly controversial, pulmonary macrophages seem to play a key role by secreting a wide range of mediators involved in the process leading to fibrosis. Macrophage-derived molecules such as cytokines, growth factors, oxygen reactive species, destructive proteolytic enzymes, and eicosanoid metabolites are involved in acute lung inflammation and injury, as well as in parenchymal and mesenchymal cell activation, leading to exaggerated production and deposition of extracellular matrix proteins [8 -10] . 6 . The amplitude of Arg-1 mRNA up-regulation is not proportional to the severity of the fibrotic disease. (A) At day 60 after instillation, hydroxyproline was measured in the lung homogenates obtained from saline-or silica-treated (2.5 mg) C57BL/6 and BALB/c mice. Bars represent means Ϯ SEM. ***, P Ͻ 0.001 represents the level of significant differences in mean values measured in silica-treated mice compared with their corresponding saline-treated control, as analyzed by the Student-Newman-Keuls multiple comparison test (nϭ5). (B) At days 3, 30, and 60 after instillation, Arg-1 expression was measured in mRNA isolated from total lung of saline-or silica-treated C57BL/6 (B6) and BALB/c mice. Data were normalized to the expression of ␤-actin. Bars represent means Ϯ SEM. **, P Ͻ 0.01 and ***, P Ͻ 0.001 represent the level of significant differences in mean values measured in silica-treated mice compared with their corresponding saline-treated control, as analyzed by the Student-Newman-Keuls multiple comparison test (nϭ5). It was suggested that the development of fibrosis, a pathogenic process often associated with Th2 polarization, goes paired with alternative macrophage activation. This hypothesis was consistent with the results of several experimental studies, which indicated a type-2 cytokine-dependent up-regulation of Arg-1 during the establishment of lung fibrosis in mice infected with Schistosoma mansoni [6] . The same authors demonstrated that shifting to a type-1 macrophage activation by administering IL-12 resulted in NOS-2 overexpression and a reduction of fibrosis severity [7] . In another experimental model, Endo et al. [19] reported that Arg-1 was up-regulated in pulmonary macrophages during the establishment of bleomycin-induced lung fibrosis.
It is interesting that Th2 cytokines such as IL-4 and IL-13, which provide the environment for alternative macrophage activation, have been shown to be strongly involved in the pathogenesis of lung fibrosis, supporting the hypothesis of a link between cytokine expression, M2 macrophage activation, and fibrosis development. Following bleomycin administration, IL-4 -/-mice developed significantly less fibrosis compared with IL-4 ϩ/ϩ mice [20] . Using a transgenic mouse model, Elias and co-workers [21] demonstrated that pulmonary overexpression of IL-13 leads to the development of subepithelial and adventitial airway fibrosis, probably mediated by transforming growth factor-␤1 stimulation and activation. In humans, it was reported that Th2 inflammation could play a role in the pathogenesis of idiopathic pulmonary fibrosis, as the expression of IL-4 but not IFN-␥ was strongly up-regulated in this fibrotic disease [22] .
By measuring Arg-1, Fizz1, Ym1/2, and MR expression in adherent pulmonary macrophages at different stages of murine silicosis, we evaluated the potential association between the development of lung fibrosis and alternative activation of macrophages. During the acute inflammatory phase following silica administration, we found that Arg-1 and NOS-2 were strongly overexpressed in pulmonary macrophages. Consistent with our data, Nelin et al. [23] observed an early Arg and NOS-2 induction in rat lungs following silica exposure. Similar Arg-1 up-regulation in two strains with contrasted fibrotic response to silica particles suggested that this change is not determinant for the later development of lung fibrosis. As previously observed with silica, Arg-1 mRNA was highly up-regulated early after MnO 2 instillation (resolutive alveolitis model). We therefore concluded that this early Arg-1 overexpression is mainly dependent on the inflammatory reaction and not related to the fibrotic response. Similar observations of coinduction of Arg-1 and NOS-2 during the inflammatory reaction have been reported in the literature. In vitro and in vivo experiments about rat macrophages have shown that lipopolysaccharide (LPS) stimulation induced an early NOS-2 mRNA up-regulation rapidly followed by Arg-1 overexpression [24] . In the mouse, Salimuddin et al. [25] reported that LPS injection induced a marked pulmonary NOS-2 up-regulation associated with overexpression of both arginase isoforms. The mRNA expression of a second marker of alternative macrophage activation, Fizz1, a resistin-like molecule initially found in allergic inflammation [26] , was also shown to be up-regulated early after silica instillation. Despite its expression in inflamed airways and in fibrotic bleomycin-treated lungs, the role of this protein in inflammation and/or fibrosis, if any, is still unknown. Recent in vitro data suggested that Fizz1 could activate fibroblast and myofibroblast differentiation directly, but further studies are necessary to confirm the importance of such an activity in vivo [27] .
The absence of association between alternative macrophage activation and the establishment of silica-induced lung fibrosis is in contrast with the results of several studies performed in other models of fibrosis. Among the main elements that could explain such differences, type-1/type-2 polarization of the immune response during the development of the fibrotic disease is probably an important determinant. Although the involvement of type-2 cytokines in the regulation of fibrosis in experimental models such as S. mansoni-induced granulomas is well characterized, contradictory results have been reported about immune polarization during the development of silicosis. Whereas some authors described an overproduction of IFN-␥ by lung CD4 ϩ T lymphocytes in mice with silicosis, other studies have led to opposite results [28] . Indeed, following SiO 2 instillation in FVB mice, Arras et al. [29] reported that IL-4 levels in lung tissue were dose-dependently up-regulated, and IFN-␥ levels were reduced in an opposite manner. In addition, recent studies using IFN-␥ -/-, IL-4 -/-, and wild-type C57BL/6 mice demonstrated that genetic deficiency for one of these cytokines did not alter morphometric parameters of silicainduced lung fibrosis, suggesting that the extension of the disease is not intimately associated with a Th1 or Th2 cytokine profile [30] . This was further supported by our results comparing the Arg-1 response in BALB/c and C57BL/6 mice. Although the former strain is commonly reported to be Th2-prone, it also exhibited the lowest fibrotic response to silica particles. Furthermore, in our model, mRNA/protein quantification by real-time PCR/enzyme-linked immunosorbent assay did not indicate in C57BL/6 or BALB/c mice any up-regulation of IL-4, IL-13, or IFN-␥ in BAL or lung homogenates 2 months after silica treatment (data not shown). This absence of clear type-1/type-2 immune polarization in lung silicosis is probably related to the apparent absence of M1/M2 polarization of silicotic pulmonary macrophages in the present study.
In summary, our data indicate that in this model of lung fibrosis orchestrated by pulmonary macrophages, the modifications of M1/M2 marker expression are limited to the early inflammatory stage of the disease and that the establishment of a fibrotic process is not necessarily associated with M2 polarization. 
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